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RESEARCE MEMORANDUM
PBELD&DIARY EVALUATION OF THE PERFORMANCE OF A
" UNIFLOW TWO-STROKE-CYCLE SPARK-ICGNITION ENGINE COMBINED -
WITE A BLOWDOWN TURBINE AND A STEADY-FLOW TURBINE

By Bernard I. Sather and Hampton H. Foster

SUMMARY,

Calculations based on a theoretical analysis were made for a
composite engine consigting of a unifliow two-stroke-cycle spark-
ignition engine, a compressor, & blowdown turbine, and a steady~
flow turbine. Values of net brake speciflc horsepower and fuel
consumption are presented for a wide range of compression ratios
and ratios of exhaust pressure to lnlet pressure, a fudl-alr ratlo
of 0.067, an engine speed of 2000 rpm, a maximum cylinder pressure
of 1200 pounds per square inch, an inlet-manifold temperature of
200° F, and an altitude of 30,000 feet. The total air flow and
power of the component engine were based on test data from bhoth
two- and four-stroke-cycle engines.

Operation of the composite engine was consldered for the fol-
lowing cases:

1. Maximum svallsble temperature of gas mixture to zteadry—
flow turbine unlimited

2. Meximum temperature of ges mixture to steady-flow turbine
limited to 1800° F

3. Maximm availsble tempersture of gas mixbture to cteady-
flow turbine unlimited; blowdown turbine omitted

4, Maximum temperature of gas mixture to steady-flow turbine
limited to 1600° F; blowdown turbine omitted

. 'I‘he results indicate that the highest net specific powers are
obtained at the lowest component-engine compression ratios; the lowest

net specific fusl consumptions are obtained &t .the hlghest compression

ratios. With the component engine considered, the meximum specific
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output and-the minimum specific fuel consumption occur at a ratio of
exhaust to 1nlet-manifold pressure of apnroximately 0.9. Exhaust-
gas-temperature limitation and removal of the blowdown turbine
adversely affect power dutput. and,efficiency Where exhavet temper-
ature is not the limiting factor, excess air above the minimum
required for adequate scavenging 1owers the efficiency but improves
the powser output.

v

INTROTUCTION

When the conventicnal reclprocating alrcraft englne is examined
for possible improvements in power and fuel consumption, the greatest
galn seems to be offered by recovery of the waste energy in the
exhaust geses and by an increase in the air-handling capacity of the
englne:. The exhaust-gas energy may be recovered by exhaust-jet pro-
pulsion or by exhaust-gas turbines.

Cértain ccmbinations of & reciprocating éngine with exhaust-gas
turbines and engine- or turbine-driven compressors, called composite
engines, have been consldered by wvarious investigators. References 1,
2y epd 3 dlscuss various types of composite engine wherein the
reciprocating-engine component is g four-stroke-cycle sparz~ignition
"engine. Referehces 4 %o 7 consider composite ongines with g four-
gtroke-cycle compresslon-lgnitlon englue as the reciprocating comno-
nent. .

_ A preliminaery evaluation of a composite engine consisting of a %
unifiow two-stroke- cyc1e gpark-igunition engine geared with a blowdown

turbine and a steady-flow turbine in series with a suitable air com-

pressor or compressors wae made at the NACA Cleveland laborstory.

A two-stroke-cycle component engine was considered in this eval-
uatlon because the two-stroke-cycle engine handles more alr for s
given cylinder slze than the four-stroke-cycle’ engine. The lncreased
airhhandling capaclty of the two-stroke-cycle engine ia due to two’
characteristics: (1) A power stroke occurs every crankshait revolu-
tion; aend (2) there 1s a large valve. overlap during tie scavenging
period, The large quantity of excess air used 1n ecavenging is use-
ful Ffor .engine 'cooling and for reducing the temperature of the gases
enterlng the steady-flow turbine. as well as for 1ncreasing the mass
Tlow through the syatem. - -

The two types of turbine are used in order tnat both the kinetic
_energy of . blowdown and tha steadyhflow enbrgy of the bxhaust gases

', may. be recoversd Experimehtal results Tor a blowﬂown turbine used “

to recover kinetic energy frow the exhaust gases of ‘an aircraft’ engine
are reported ih reference 8.

T :‘5“*—‘:-“1-‘
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The .effecta of oomp ession ra.t:.a and ra.tio of exhaust pressure
.to inlet pregsure on net brake specific horsepower and. fuel consump-
tion. of the composite englne were computed and plotted. to find the
mpst ‘desirable operating conditions. .The. resulis, in the form of
graphs, are shown malnly for one a.lti'bude, one engine gpeed, one
.maximum c¢ylinder pz‘essure, one  inlet-manifold _a,ir temperature, and
one fuel-sir ratio. Tn addition, the effects of changes in inlet-
menifold air-temperature, scavenging. ratio, and fuel-air ratlo on
the net performance are shown. Power output of the composite ,engine
could be increased considerably by incressing the engine speed, by
increasling the allowable maximum oylind.er pressure, and by burning
extra fusl in the duct leading to the steady-flow turbine. No cal-
culations are presented, however, to show the effects of these changes.
Two temperatures. of "the gas. pixture to the steedy-flow turbine are
considered: & limited meximum and the maximim availsbles Results
ars shown for operation with and without the blowdown turbine. All
turbines -and compressors are assumed to operate at their pea.k effi-
ciency under all conditions of operation, -

, ; Becauae this a.na.lysis is primarily a themod.ynamic-oycle a.nal
¥yeis, sizes and weighte of the various camponents and method.s o;t‘
contr’ol were: not oonsid.ered . . .. . :

ASSUME’I‘IONS A;ND bETHODS OF ANALYSIS _:,'_ : S . =

‘I'he analysis -of the composite engine involves the significa.nt

chara.cteri‘stios of two-»stroke-cycle engines , the operationof the
. :burbines ’ a.nd, a.ssumptions necessa.ry for the computations. -

Signifioant cheracteristics of two-stroke-cyo‘le ‘engimes. - Two
ty-pes of uniflow two-gtroke-~cycle engine are schematically shown in
figure 1. A compariscon of the exhaust-Plow aread of these two uni-
flow ‘two-stroke-cycle englnes and ‘a four-stroke-cycle engine is shown
in figure 2. These flow aress are coryected for engine displacement
and flow ¢oeffivients. The flow ares of the two-stroke-oyola engine
is necessarily greater tnan that of the- four-strokef-cycle englne;
however, the: larger flow &rea afd faster full-opening of the twa«
stroke-cycle exhaust valve. (a.bout one-fifth, the time for the opening
of the four—stroke-cycle exhaust valve) pro'ba.bly is Senera;l_ly u:na.p-

___preoia.ted Wwhen oonsidering the kinetio energy of Fhe exhaust gaeses

. that 1s available for recovery by & blowdown tu.rbine. The necessary
rapid valve opening is, 'of gourse, more.eagsily acoompl’,f.shed #1th.the

- crank-operated sleeve valve %han with the cam-operated poppet valye
because of the simpler motion of the Sleeve. valve. and :because inprtia
forces at hilgh engine spesds are leas of & probplem,.
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The exhaust valve of. the two-strokercycle engine of necessity
.~ openg earkier in-the atroke and much more.rapidly than the exhaust
valve. of the four~stroke-cycle engine which results in some .loss in
engine power. The combination of” “earlier opening, which- provides
exhaust gaeses at higher initial pressure and temperature, gnd. more
repld opening, which reduces throttling losses, results; howevsr, in
-exhaust -gases of very high kinetlc energy during the blowdown period.
-Thess gases can advantageoualy be further expanded to exhaust. pres-
gure through the blowdown turbine and then to atmospheric pressure
. through the steedy-flow 4urbine. The 1oss in component-engine power
‘oauged by early exhaust-valve opening - is +thus to a great extent
»recovered by the turbines. .

Oylinder charging is somewha$ more difficult in the two-stroke-
cycle engine than in the four-stroke-~cycle engine because of the
shoxrter time available and because the piston motion does not ald in
scavenging the cylindér., For this analysis, the inlet valve of the
two-atroke-cycle engine Ils considered to close later than the skhaust
valve, thereby permitting some supercharging independent of the
‘exhaust pressure. It is assumed that most of the prossure loss in
flow through the cylindeér is across the exhasust valve and that the
inlet-port area is sufficlently large to accamplish this result.
Unlike the four-stroke-cycle engline, which can operate at ratlos of
exhaust back pressure to Inlst-menifold pressure 'Pe/Em above 1,0,
the two-stroke-cycle engine muat operate at values of pe/pm less
than 1.0 to obtain flow through the oylinder. Becauge the exhanst
‘pressure avgllable For the steady-flow turbine is limited to values
lessg than inlet preseure, the blowdown turbine becomes more necegsary
in the two-stroke-cycle than in the four-stroke-cycle composite
engline, The blowdown turbine ¢an be designed to lmpose no increase
' in engine. exhaust pressure, which would allow an increase in nvt
~output without penalizing either the componenﬁ engine or the steady-
flow turbine. ' )

. An examp]e of the high specific powers that have been obtained
from a two-stroke-oyole engine is shown in figure 3. Those results

wergq.- obtained with a A_- by 7- inch two—stroke-cycle engine (with

- poppet qxhaust yalves) ueing gesoline injection and-spark ignition
“at ‘dn’effécfive comprésdion ratio -of.6,4, The high specific fuel
cohsumption -of - this two-stroke-cycle engliré was causeld vy the rich
nixture of .fwel end. alr and by the incomplete expansion of the com-
busticn. gasés-due to the esarlty opening-of the exhaust valves. The
losg in power .due e early valve-opening would be partly recovered
by oompounding with exhaust~gas turbines.- AR
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Opera:bion o:E‘ 'blo'wﬁ.om and steatly-flow “turplinesi =TA Bchematic
diagra.m ‘of the camporidnt engine, the’ comprdsgoey; and the -tirbines.

" 'congidered in this: etfalysis is shown in figure 4, -For this andlysis
it iy 'aEsuiied that the dlowdstwi turblne recovers 60 pement ‘of the
energy available for'blowdown. : Only ongine combustion ‘gases produce
blowdown-turbine power. The scavengling alr leaving the exhaust port
"#g8 considérsd to bypass- the blading of thé blowdowrn turbime by some
mechenical means, but may pess through- the shroud- of -the “turbine and
“aid in. cooling. After pessing around the blading, the scavenging
air is mixed with the cdombustion gesés that have passed th¥ough the
. blowdown turbine. The larger the guentity of scavenging a.ir, the
‘“Tower will be thé temperature .of this resulfant mixture‘ “Thig. ges
mixbure at engine exhaust back presgure is available for: prcd.ucing
war}s ‘in the "Bteady-flow turbine by expanding from.exhaust.bacl pres-
‘sure to atmospheric pressurs. The exhaust from the- steady-fiéw tur-

"*'bine is- avallsble Por a small amount of jet propulsion but indsmuch
* as the vesults arc presented enly on a shaft-horsspower basis;-‘the

" Jet.energy is omltted from the calculations. Some inlet yram” ban be
produced by:the forward speed of the airplane but, for the same rea-
~ son, conslderation of - ram-pressure rise a.nd ram drag is also omitted.
from the analysis. .

‘ When the maximm termpera.ture of the mirbure entering 'bhe s-‘ceady-
‘flow turbine la to be limited, scavenging air at exherist pressure is
bled from' the compressor or furnished. by an auxlillisry compressor on
the seme shaft and 1s mixed with the gsses entering the steady-flow
turbine. -

. Method of ccmputa.tion, The power d.evaloped by the two-gtroke-
cycle component engine was calculated from the rate of ocombustion-sir
flow through the engine and from thermal efficiencles &f a four-stroke-
cycle aircraft engine over a wide range of compression ratiocs. Use

of these efficiencies was necessary becauss of- the-lack of similar
data for the two-atroke-cycle engine. Unpu'blished. data for a two-
stroke-cycle engine, howsver, were used. as a basis for estimating the
‘air"flow of thé component shging.

_ For the computatlon of the net brake horsepower of the composite
‘engine, the compressdrs and thé gteéady-flow turbine are aassumed to be
on the same shaft and thé difference between the power developed by
the steady-flow turbine and that reguired by the compressor ls agsumed
~t0"he transmitted throilgh géers to the engine crankshaft with a gear
efficiency of 90 percent.— An efficienoy of 95 percent 1s assumed for
the gewin& used to transmit power from the blowdown turbine to the

" eréankshaft: 'PHE Nt povwer-émtput T8 defined as the Bum of- the various
guentitiss of poworrdelilvered €5 the cranksheft. - - i
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- The general msthod of ansalysis is to vary the ratlo of exhaust
presgure to Inlet presgure and to compute the poworg developed by
the several engine components for the chosen conditiona of operation.
Neithor the power recquired for intercooling nor that raquired for
engine cooling 18 congsldered in the .analysis.

The derivations of eguations apnlicable to the proposed cycle
are presented in the appendix.

The assumed operating conditions are:

Mexlimum cylinder pressure, pounds pér square Iinch . . . . . . 1200
Tamperature of gas mixture entering stoady-flow turbine:

{a) . Gt e s e s e e s e e s e e e« Maximum unlimited

“(v) . . . « + o . 1600° F maximum limit
Piaton displacement above inlet ports, cubls feet . . .+« « . L0
Engine 8poed, IPM « « « « o« ¢ « o v ¢ s o £ 9 9+ s ¢« « o+ s « 2000
Compressor efficiency, percont . . + ¢« ¢« o« ¢ ¢ « « o & « » . 80
Steady-flow-turbine sfficiency, percent . . . . e« = ¢« ¢« ¢« B8O
Blowdown~turbine efficlency, percent . . . . T -1
Steady-flow-turbine reduction-goar efficisncy, porcent e+« o 80
Blowdown-~turblne reduction-gear efficlensy, percont ., « « « 95
Fuel-air vatio in engine cylinder . , « « « ¢« ¢ « « + & .« 0.067
Inlet-menifold air temperature, °F , . . . « « v « ¢« o « - « » 200
Altltude, feot . . &« ¢ ¢« ¢ v ¢ ¢ ¢ v v ¢« 4 v e s ¢+« 30,000

RESULTS OF ANALYSIS

Opération of the composite englne is conaidered for the follow-
ing cages:

1. Msximum availeble temperature of gas mixture to steady-flow
turbine unlimited )

2, Meximum temperature of ges mixture to stegdy-flow turbine
limited to 1600° F

_ 3. Maximum available temperature of gas mixture to steady-flow
" furbine unlimited; blowdown turbine omitted

4, Maxlimum temperature of gas mixture to steady-flow turbine
limited to 1600° F; blowdown turbine omitted

The curvea for performance gt maximum evailable temperature of
the gas mixture to the stesdy-flow turbine are included only to show
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the maximum possible performance. If the calculated performance

for these conditions had been poor, there would have been no point
in further analysis. More feaslble performance values wlll be

found on the curves for operation at limited ges-mixture temperasture.

Effect of pg/p, on net power output. - The effect of change

in the ratio of exheust tc inlet-manifold prsssure Pe/Pm on net
brake specific horsepower with meximum available tempsrature of the
gas nmixture to the steady-flow turbine unlimited is shown in fig-
ure 5 for varlous campression ratlios. For each compression ratio,
the trend of the powsr curves 1s to increasge to a maximum and then
decrease as the preasure ratio Pe/Em is Increased. This trend
in net powsr is generally the same as the trend of the difference

* between turbine and compresssor powers because over a large range of
Pe/Qm the component-engine power changes relatively little, The
changes in net brake speciflc horsepower caused by changes in the
ratlioc of Pe/Pm' or by changes In component-engine compression ratio
are due primerily to the shifting of the load between the turbine-
compressor unit and the component engine. Maximm power outpub
occurs &t & Dpgfp, of approximately 0.9, As shown later, if the
component engine had s lowesr scavenging ratioc for a given ratio of
P /p than that of the component engine consldered for this calcu-

lation, the maximum power output would ococur at a lower ratlio of
Pe/Dy then 0.9.

The effect on the net brake specific horsepower of limiting
the maximum temperature of the gaeses entering the steady-flow tur-
bine toc 16000 F and of omltting the blowdown turbine is shown in
figure 8 for a compression ratlo of 3. Because the component engine
congidered had a relatively high scavenging ratio for a given value
of Py / exhaust temperatures sre falrly low and temperature lim-

1tatlon,therefore has little effect, particulsrly when the blowdown
turbine is included in the system. The gensrel effect of limiting
the maximum gas temperature is to decresse the maximm power output.
Omission of the blowdown turbline materially reduces the power output
throughout the entlre operating range :

Effect of pg/p, on net.specific fuel consumption. - The effect

of change in the pressure ratlo pg/p, on net brake specific fuel
consumption with the maximum available temperature of the gas mixturs
entering the steady-flow turbine vunlimited is shown in figure 7 for
various compression ratlos. Net specific fuel consumption is high
for low values of pg/Dyp and decreases as the ratio po/py 1s
increased. The changes in net specific fuel consumption with changes
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in p./p, end oompression ratic are due to the shifting of the load
between tha combonent engine snd the turhine-compressor unit. Over
the range of operation choseén, minimum net speciflc fuel consumption
oceurs at a Pe/Pm of apprcximately 0.9. If the component sengine had
a lower scavenging ratio for a gilven value of pe/pm than that of the

component engine considered the fuelqconsumption curves would be
flatter.

= The effect on net brake specific fuel consumption of tempsrature
limitation and the omission of the blowdown turbine at a compression
ratio of 3 is shown in filgure 8. Temperature limitation again hes
Little effect on the composite-englne performance; 1t slightly increases

. .the minimum net brake specific fuel conaumption. Omission of the blow-
" down turbine increages the net brake specific fuel consumption over
_the entire range of operation.

EPfect of compression ratlo pn performence, - The highest net
specific horsepowers occur at the lowest component-engine compresslon
ratios and the lowest net brake specific fuel consumphions oécur at
the highest compression ratios (figs. 5 and 7, respectively) Highest
power outputs occur at the lowest compression ratios because the max-
imum cylinder pressure in the component englne is kept constant; thus,
at the low compression ratios, a high inlet-menifiold pressure may be
naed. The high inlet-manifold pressures, together with increased
combustion-chamber volume available at the low compresaion ratios,
increase the mass flow through the system, which results in higher
outputs. Tower net specific fuel gonsumptions occur at the higher
campression ratios because the component engine is more efficient and
takes & greater shars of the load.

For convenience, the curves of net brake specifilc horsepower have
been plotted against net braks gpecific fuel consumption in flgure 9.
From this figure the net power and corresgponding fuel consumptlon may
be obtained for any deslred operating conditilon.

The most probable method of operation is with the maximum tem-
perature of the gas mixture entering the steadwalow turbine limited
to 1600° F (fig. 9(b)). Whon the engine operates st the optimum
value of pe/gm;=0;9, the net brake specific output at a compression
ratig of 3 1s 2.62 horamepower per cubic inch of piston displacement
with a net brake specific fuel consumption of 0.353 pound per horse-
power hour. At a odmpression ratio of 10, the net brake specific
power end fuwel conSumption are 0.71 horsepcwer per cubilc inch and
0.303 pound per horsepower hour, respectively, Operation ab other
compression ratios gives perxformance values between theae guentlties,
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: Efeot of ' DPe/Py &nd compréssion’ retio or gas-mixture temper-

. sturé, T The- effect of changs in” pe/pm and"in’compression ratio
‘‘on the temperature ‘of ‘the gas mixture entering “the” steady-flow tur-
bine, "with and without the blowdown turbine, is showr in figure 10.
The gas témperatures are lower with the blowdown tnrbine bedause

% :the blewdewn turbine absorbg some of.the exhaust-gas sneregy. ~All
temperatures are comparatively low hecause the large amount of ‘scav-
enging air passing through the component engine dilutes the combusg-

ik ~~%ion“gaaes. = _ : e

ERREATET L NS ' o ) . Tt .-'- -Ipa* -

SO R o 153 di—stribution. - Tn order to determine 1oad &istri'butisen, :

—--.Juthe power .developed by each component of the composite -engliie was

L .protked as-a percentage of the maximum power ontput for compression

. ratios of 3 and 6 (fig. 11). The lower the compression ratio,, the

~.greater is the percentége of net power absorbed by the compressgr
Cop fieliversd by the turbilnes. .

$0 e BPfect of chenges in inlet-manifold tempera.ture, scavenglig

ratio, and fuel-alr ratio. - The effect of changes in Inlet-nisnifold
temperature, in scavenging ratio, and in fuel-sir ratio on net brake
Y. specific horsepowexr end net brake gpecific fuel consumption is shown
' ,'in figures 12 and 13, respectively, for different operating condi-
"ftions. Alko included for comparison 1s a curve of standard pexform-
. ance at the same compression ratio (in this case, 6) The same:
. 'inlet-mapifold pressures used id the standard curve are used’ in the
curves showing the effects of the various changes; maximum cylinder
. pregsurés, however, are not necesaarily the same. Standard scaveng-
" ing ratio 1s that dsfined by egquation (7) in the appendix. ~Standard
inlet-manifold temperature and fuel-alr ravio are the assumed values,
200° ¥ end O. 067, respectively. When the fuel-air retio is ilncreased
* to 0.081, the fuel not burned in the cylinder is assumed to burn in
the quct leading to the steady-flow turblne. Sufficient alr is avail-
abls st that.- point—to allow complete canbustion.

The curves show that, at a p /Pm of O. 9, 1ncreasing the inlet-
manifold temperature to 300° F with the blowdown turbine inclunded
results in a 13-percent decrease (compared with the standard curve)
in net breke specific horsepower (fig. 12(a)}) but in only & l-percent
increase in not brake specific fuel comsumption (fig, 13{(a)). With

": the blowdown turbine omitted, the power reduction (compared with the
" T'gtandard curve with blcvdown turbine omitted) is approximately
. IS percenti(fig. 12(c)), but tha increase in fuel consumpt lon 1s'
o negligible (fig. 13(3)) .
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. Decreasing the fusel-air ratio to 0,054 with the blowdown turbine
regults in a 10-percent reductlon in netl ‘brake spetific horsepower
and a 10-percent reductlon in net brake specific fuel consumption at
a .pe/gh' of 0.9.With the blowdown turbino omitted, the reduction
in power (compared with the standard curve with blowdown turbine

. omitted) is approximaetely 8§ percent and the decresase in fuel congump-

tion approximately 12 percent

Increasing the fuel-air ratioc to 0. 081 with the blowdown turbine
results In a small (4-percent) ilncrease in breke specific horsepower
at the high ratios of Ps/Pm and s amall decrease in power at the
‘low ratios of. ne/nm Net brako specific fuel consumption is increased
approximately 16 percent at a Dg/p, of 0,9. With the blowdown tur-
bine Gmnitted, the power is increassed (compared vith the standard curve
with blowﬂowu turbine omitted)’ approximetely 9 percent at a Pe/Pm
of 0.9 but at & py/p, of 0.2 the increase is negligible; ‘the
increase in specific fuel con5umption 15 approximately 11 percent over
most of the rangg. .

. . Ths soavanging ratio was agsumed to be deareaeed to a value egual
to 70 percent of the standard scavenging ratio. Such a change could
be effected by a changs in valve timing or in englne speed. Engine
epeed is unchanged in this analysis,” The net brake specific horsepower
(f1g. 12(a)) is higher than the value for standard conditions at low
velues of pg/H, &and lower at. high values of Pg/py. The net brake
specific fuel consimption (fig. 13(a)) is lower then the value for
standard conditions for &ll ratios of pé/pm- up to about 0.,8. Whercas

for all the other operating conditions investigatoed the maxlimum power
occurs at & pg/m, of 0.9, maximum power ocouxs at & Do/p, Of
approximately 0.6 when the scavenging ratio 1s reduced to’ 70 percent
of the standard (fig. 12(a)). The results indicete that, where
exhaust temperature is not the limiting factor, excess alr above the
minimm required for adequats scavenging lowers the efflclency but
increases the power output.

SUMMARY OF RESULTS

A theoretical analysis of the performence of & composite engine
(uniflow tworsroke~cycle spark-ignition englne, compressor, blowdown
turbine, end steady-flow turbine) with operation assumed at a constant
maximum cylinder pressure of 1200 pounds pér square inch, an englne
speed of 2000 rpm, an inlet-menifold temperature of 2000’ T, steady~-
flow-turbine and compressor efficiencies of 80 percent, and en alti-
tude of 30,000 feet, gave the following results:
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The highest net specific horsepowers weore obtained at the low-
est component-engine compression ratios; the lowest net brske speci-
fic fuel consumption was cbtailned gt the highest compression ratios.
For the component engine considered, the meximum specific power out-
put and minimum specific fuel congumption occurred at a ratio of
exhaust to manifold pressure Pe/Pm of approximately.0.29, AL &
compression ratio of 3 sod & ratio of pg/p, of 0.9 with a blowdowm

turbine and With the maximum exheust temperature limited to 1600° F,
the net brake specific power output was 2.62 horsepower per cubic
inch of piston displacement and the net brake specific fusl consump-
tion was 0.353 pouad per horsepowsr hour. At a compression ratio

of 10 and a pe/pm of C,9, the net breke specific power and fuel
consurrticn were (.71 horsepower per cublc inch and 0.303 pound per
brske rorgsporer hoer, respectively. Exhaust-temperature limitation
. and omissicn of the blowdown turbine adversely affectod these yalues.
Where erxihauat temporature is not the limiting fector, excess eir
above the minimum required for adeguate scavenging lowered the effi-
. clency bub diﬁ ircreage the power ocutput.

Flight Propuleion Research Laboratory,
. National Advisory Committee for Asronautics,
Cleveland, Ohioq.
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APPENDIX - DERTIVATION OF EQUATTONS NECESSARY TO ANALYSIS

Abbreviations -

The following abbreviations are used In the derivations:

achp
bhp
btﬂp
chp
tnp
isfc

nbhp

nbafc
nbshp

sfhp

The

»,a
p,b
P,e

P: g

horgepower required to drive auxlllary compressor
breke horsepower of camponent engine

horsepower delivered by blowdown turbine

.horsepqwer regquired %o drive compressqor

irdicetod Licraepower of component eongine (based on power loop)
indicated specific fuel consumption

net brake horsepower of composite engine (component engine,
turbines, and compressor or COUPreSSOrSs)

not brake specific fuel consumption of composite engine
net brake specific horsepower of campositc englne

horsepowsr delivored by steady-flow turbine

Symbols
following symbolas are used in the derivations:
concentration

gpecific heat at conatant pressure of entering scavonging
air, 0.243 Btu/(1b)(°R)

gpecific heat at constant pressure of combustion gasea during
blowdown process, 0.3 Btu/(1b)(°R)

specific heat at constant pressure of gas mlxture entoring
steady-flow turbine, 0.3 Btu/(1b)(°R)

apecific heat at constant pressure of gas mixture boefore
addition of auxiliary air, 0,3 Btu/(1b)(°R)
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snecific heat at constart volume of gases 1in cylindor
during scavenging process, 0.243 Btu/(ib)(°R)

fuel-alr ratio in cylinder of componont engine

gpeed of component engine, rpm

) ambient—air pressure at altitude of 30,000 feot, §.88 in.

Hg abesolute
exhaust pressure of componsnt englne, in. Bg abaolute

inlet-manifold prossure of component engine, in. Hg
absolute

exhaust release pressure of cdmponﬁnt ongine, in. Hg
ghsolute

compress;on ratio of component engine besad on swept volume
ghove'inlet poris

expension ratio of component engineo, 0.80 r,
gas constant during blowdown process, 53.9 £t-1b/(1b)(°R)
ambient-air temperature at altitude of 30,000 feet, 412° R

temperature of gases abt outlet of suxllisry comprassor

temperature of gas mixture entering steady-flow turbine, °R

temperature of gas mixbture snbering steady-flow turbine
with blowdown turbine included, °r

temperature of gas mixture entering stcady-flow turbine
with bfbwdown turbine cmitted, °r

temperature of gases in cylinder at start of compression
after evaporatlve cooling by fuel,

temperature of air entering inlet manifold of component
engine,

temperaturs of gases in cylindsr at completion of scavonging
process,
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Tx ' temperature of gases in cylinder at start of scavenging
process, °R
v displecement of component-engine piston above inlet ports,
1l cuft o
Vi total piston displacement of component engine, cu in,
Wg weight flow of total air admitted through inlet ports,
1b/sec -
ac weight flow of air through auxiliary compressor, lb/sec
A welght flow of air available for combustion, 1lb/secc
Wg welght flow of geses sntering steady~flow turbinoe (Wt + W ),
1b/sec
We weight flow of fuel admitted to engine, 1lb/sec
Wt wolght of air admitted through inlet ports plus weight of
fuel, (Wg + We), 1b/sec
4 adisbatic exponent for combustion gasoes during blowdown
process, 1.30
s adigbatlc exponent for gas mixturse entering steady—flow
turbine, 1.30
T efficiency of blowiown turbinc, 0.60
g adiabatic efficlency of compressors, 0.80
ng b efficlency of reductlon gearing between blowdown turbine
’ and component engine, 0.95
L PR efficlency of reduction gsaring betwsen steady-Tlow turbine
&; and compressor and component engine, 0.90
T, scavenging ratio, ratlo of welght of fresh charge delivercd

through inlet ports to welght of fresh charg: that would
completely 11l cylinder at inlet-manifold density at
time of inlet-port closing
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g sca.vehging afficiency, ratio of weight of fresk charge
oantained 1n cylinder at time of inlet-port closing to
wolght of fresh charge that would ccmpletely fill cyl-

inder at inlet-manifold demsity at time of in,let-port

- closing
n labatic efficiency of sbosdy-flow turbine, 0.80.
o inlet-manifold density of component engine, lb/cu £t

Equations .

Scavenglng efficlency. ~ The three types of scavinging process
are: (1) complete scavenging, in which each volume cf-fresh charge
entering the ongine cylinder displaces an equal volume of combustion
gases, (2) zero scavenging, in which all fresk cherge entering is
80 short-circuited throvgh the ezhaust ports that no corbustion gases
are displaced, and (3) scavenzing by perfect mixing, in which each
volums of fresh charge entering the cylinder mixes perfectly with
the combustion geses and a volume of this mixture, which, amx onergy
balance shows, 1s sufficlent to keep comstent the total enthalpy of
the contents of the cylinder, 1ls forcsed out the wxhaust ports. The
actual scavenging proceas lies somewhere within the llmiting processes
and is Influenced by the dosign of the cylinder. These threse. types
of scavenging process are shown in the following sketch; -

1.0}

——— e

-
2
o L
!
L-.‘_ - — SN | ot Il
0. .5 1.0 1.5 2.0

Mass of fresh charge that entered cylinder
"Inlet density X cylindor volume

Mess of frosh charge in cylinder
Inlet density X cylinder volume -

The equations for curves 1 a.nd. 2 are obvious. The equation for curve 3
may be durived as follows: -
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Consider a cylinder containing a gas B with. & volume V at
temperature Tp. Gas A at temperature .T, I1s introduced into this
cylinder at such a rate that mixing of the two gases 1s complete at
all times.  During this process, which occurs at constant pressure
P,, the mixture of gases is discharged through an exhaust port at
guch a rate that the total enthalpy of the contents of the cylinder
remains constent; that-is, the product of the mass of gas in the cyl-
inder and its temperatura remains constant.

Let

M mass of ges mixture in cylinder

il temperature of gas mixture in cylinder
MF:.: masg of gas A 1in cylinder
'My . mass:of gag A 1ntfoduced into oylinder

AMp mass of gas ﬁixture leaving cylinder when AMp ia_intfoduced
C : éonbeniration of gas A in cylinder, MF/M _ G

. If. AM; enters the cylinder, adding to the cylinder. the product
TpAMy, such a mess of ges must leave the cylinder that

TAAMA = TAMy, .

T
= B
sy, = & Ay

The increese in amount of gas A 1n the oylinder with an amount
AM, added to ‘the oylinder and an smount of mixture AM; leaving 1s

AMy - CAMy

AMg

or
| aMp = aM '—C'?-é\'dM
A T /

I

d“F“““A( '%%}
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and, if the subscript B represmts_"bhe cepiditions in the oylindsr™

before the scavenging process starts, then
M = ay (1 - OF TA)

\ Mp Tg
The solution to this differentisal equation is

_ My Ta
My = ..Mlifé(l -5 MBTB)
Ta

The consgtant of integration is d.etermined. From the fact that '
Mp = O when M, = 0. Now

P,V
MoTy = _:%n
so thet
. _MaTaR
TR PV
b..?...._‘ﬁ“ = (l - g A )
T Af’ 4
but )
MpT R Mg

Eav e T

a.nd.
MaraR  Ma
%4 T opav T r
Thus - ’

9y =1 -e ¥ B ¢ 81

The following procedure is used to find the temperature at the
end of the scavengling process: The lncrease of mess of gas in the:.
cylinder is egual- to the mass of ga.s & . embering minus the mass of
mixture leaving: R CEe0 : S

Thus

aM = My - A

vhere Pp- is the pressurs and p, the denslty of. the entering gas, -

.

celo
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or
Ty
and .
: T \
Because

MT =K
where . K. 18 a consta.ut, and

TaM + MAT = O

and
aM = - ML . K gp
T e
then .
- X ar - aM /1-_T.é\\=cm/?_:ﬂﬂ
2 AN 2V A N
and

-ar 7 4y

2 T.-T, X

The eolution to thile differential equation, when X = Mp Ty, 18

T
TB= - r[fi - (2)
1 1-;1';— eTlI‘
B/

The constant of" 1ntegration 1g determined from the fact that T = Tp

Unpublished date cbtained on-a 4—5-- by 7-inch uni.f"Low two~stroke- -

oycle engine indlcated that its soavengi efficiency wag soqmewhat
higher than that predicted by equation (1]1_? For this analyeis , the
soavenging process was therefore considered to be 75 percent scaveng-
ing process i and 25 percent scevenging prdceas 3,

.
.-
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‘Thus . bhetween the limits of 1%, from O to 1,0

g N, ’
Ng = 0.75 ny + 0.25 (1 - e‘“r/\ : (3)

and between the limits of 1, from 1.0 0 o

g _075+025-'\'\1-e'”1'; C e (4)
- /.‘ . .
The final saaverging temperature was similariy computed.

Thus between the limits of. Ny from O to 1.0

/ T N\ < f-
1-{1-4 )e"‘rl

\ Ix/ |
The curve produced from equations (3) and (4) is shown in figure 14,
As the curve is prorated bebween a smooth curve and a curve composed
of two straight lines meeting at an angle, the prorated curve at
' Mp = 1,0 has a rather sharp curvature, which 1s smoothed out by
fairing the curve In this region.

e T
Ty = 0.75 ;T +o.25 f;\ -l (5)
2 Kl -—) 1_-(1 -iﬂ\e'“r
LTx x/ -
and between the limits of 1%, from 1.0 to o
Tm
Ty = 0.75 Ty + 0.25 (6)

The value of T, depends on the value of T,, which in turn
fepends largely on the compression ratio of the englme. Over the
range of operation and in the region in which points were .computed,
however, the values of T; were little affected by changes in com-
pression ratio, and thus an average curve of T, was chosen apd
plotted in figure 15. This curve was falred in the region of
My = 1.0 in the same manner as the scavenging-efflciency curve.

Scavengling ratio. - If the two-stroke-cycle cylinder 1s con-
sidered. as an eguivalent orifice, it can be shown that

Pg

nr=¢\l'g Tm
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Dats taken on the 4%- by 7~ 1nch two-stroke-cycle engine showed
~ that the acavenging retio cen then be exgreésed by

- . {0. 341
“l pe\T-I

A
This ourve is plotted in figure 16 together with the .corresponding

curve of scavenging efficlency. cross-plotted from figure 14 Also
ghown in fipure 16 are experimental data points from the 45- by

7~inch two-gtroke-cycle englne that show the excellent agreement
between predicted and experimental values,

fy= 0.292 (7)

Inlet-menifold presaure. - In order to illustrate the effect on
engine power of changing the cquression ratio, some relation must be
found between limiting inlet-manifold prossure and compression ratio.
Inasmuch as prediction of knock-limited manifold pressure was imprac-
tical for the type of component engine c¢onsidered, no relation between
knock-1limited menifold pressure and compression ratio could be found,
It was therefcre decided to llmit the inlet-manifold preassure at each
compregsilon ratio te a value thet would glve a maximum cylinder pres-
sure of 1200 pounds per square inch absolute at a fuel-alr ratic of
0.067. .

Thermodynamic charts of internal-combustion-engine fluids (ref-
erences 9 and 1) were used in détermining the manifold pressure. Addi-
tlon of fuel is assumed to produce & drop in the temperature of thc
working fluid of 40° F; sq . .

Tp = Ty - 40 - - (8)
The quantity 1 - f where f 1Is the fraction of residuals in the

ocylinder must be known when tlie thermodynamic charts are used.  Tho
quantity 1 ~f can be obtainsd from the equation

: 1 r/A) o
b-t= l:1 T EF;A% T (9)
where
. .TB
C = T]s ;il?n- (10)

Curves of inlet-manifold pregsure as a function of compression
ratio and pg/p, &re shown in flgure 17.
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Exhaust release pressure. - The exhaust release pressure was
also determineq rrom the thermodynamic.charts. A heat loss of .
15 percent of the total heat lnput to the cylinder was assumed to_
oceur at the .end of expa.nsion.

Combustion-air welght-flow rate. - From the definition of scav-
enging efficlency, the combustion-air welght-flow rate l1s

Noy . - ,

Vo v oy B e ()
s P _ 1327 mn" " '
Py = 1327,_.[‘..; e - (12)

Total-air welght-flow rate., - From the definition of scavenging
ratio, total-air welght-flow rate is

I'c pm

where 1, can be calculated from eq_uation (7).

Fuel weight-flow rate. - The fuel weight-flow rate is

We = Wy F/A (14)

Tndicated horsepower per pound of combustion alr per hour (com-
ponent engine) - Because of the required vaelve tilming in the two-
stroke-cycle engine comsidered, the expansion ratio is less than the
campression ratio; in the present case, the expansion ratio is 0.80
of the compression ratio,

It can be shown that for Otto cycles, where the ratioc of expan-
sion to compression is in the range of 0.80 to 1.0, the efficiency of
the cycle can be hased. on the expansion ra.tio m.th good accuracy.

Becauge of lsack of d.ata. on the the:rmal aﬁ‘ficiency of two-stroke~
cycle engines at various compression ratios, It is convenlent to use
four-gtroke-cycle data. The close agreement between two-stroke-cycle
and four-stroke-cycle thermsal efficiencies can be shown by the fact
that the indlcated specific fuel consumption from the 4%- by 7-inch

two-stroke-cycle engine with an  expansion ratlo of -5.44 was 0.470 pound
per indicated horsepower hour, whereas the indicated specific fuel
consumption of a conventional four-stroke-cycle englne corrected to
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a compression ratlo of 5.44 wis 0;462 pound per indicated horSepower
hour at ‘the same fuel-air ratio.-' e o
Data from reference 11and unpublished, datn'frum teste on an alr-
cooled cylinder were analyzed, and an equation for indicated specific
fuel consumption as a function of cqupression ratlo was found to be

: Q.
1sfo = LT - (15)
rl - o 221

The agreement between values calculated from the equation and experi-
mental resulte over a range of compression ratiocs at a fuel-alr ratio
of 04,067 is shown by the following table:

Indicated snecific
fuel consumption

e {1b/hp-hr)

Compression ratio | Experimental fCalculated

4.7 0,457 ' 0.457
8.7 ° - 384 [ .384
7.93 ©,380 .360
9.68 - 4335, | .335

Eguation (15) may be converted to permit caloulation of indicatoed
horsepowsr hour per pound of combustion alr, The modified eguation
may- be used for computing the twa-stroke-cycle perfurmance by using
the expansion ratio instead of tlié compression ratlio.’ The indicated
horsepower hour per pound of combustion alr at a fuel-air ratio of
0,067 18 then v ,

—BP - 0.5085 "1 - 1 . 16
3600 Wc 0.9 \ 0.25 ( )
Indicated horeepower of component engine. - The indicated horse-

. power. of the component englne 15 .

ihp _,_.E~_.w 3600 ' } (17)
, seoo W, - : : L T

L ) in
where W, . may be calculated from. eguation (ll) and 3500 W, frum’
. equation (16) - D - .
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Listed hers in tabular form for comperison are values of indi-
cated specific power calculated according to this analysis ang some

experimentael data from the 45- by 7- 1nch two-stroke-cycle engizie at

a fuel-air ratio of 0.075, a.n éngine speea of 2600 rpm, azid. az;x
exhaust pressure of: 30 1nches cf mercury absolute- s

- .
s

-Manifd}.,d pressurs | Specii‘ic fpower T T

, (in.’'Eg abs.) - (thpfowiipa) .- L ws

. ,Exneriméntal Calcula.tsd. L
e 4s #1.04T ohi-'1,080° 8T
46 .,-; 1.10e L --,j 1313 .0 s . S

' 48 C1.148. 7 L.183: T
50 | 1. 175, | 1.215 -

Although experimen a.l dats are not e.va.ilabla for the uppar re.nge Cof
power, the table shows thel calculated and experimenta.l pawer Qut.-

w Brake hor‘a@ ower of component engine. - Data. from an inves.t}..-
gation cond.actea for the Army Alr Forces on & 54— by 7-inch’ ‘uﬁiflow
two -stroke-cyc;l.e engins showed that pnmping povwer was negligiblé ‘and

. " that' mechanical frictiop was the largest loss In conve¥sion of 'indi-
- cated horsepowar to brake horsepower. . Analysis of those data. indi-

cated that the friction horsepower of the component engin.e 1B a.pprox-
imately ZOG : : LA

-
e e

Therefore | % . LS T

I bhp -'ihn - 200, (18)

—
-

Eorsepower required by com;pressor. 'I'he powsr req_uirecl f.-o drive
the com:oresfsor is given by : L .

| r’ - Pm}o,zas b 'l -;.: -
ohp = 2091 Wy [\ps) .- lJ e
T mese [ 28

) 7
Blowﬂcwz-turbine horsepnwer. - Blowicmn 1n. 'bhe cy’linder 1& g:on-
gidersd to take” place from exhgust release pressure to inlet-manifold
pre.ssure. The pressure drop across uha blowdown burbine is thus. ‘from

\ exha.ust relsa.se pregguye Lo exhaust back pregsure at ths start: of the
. yroceds, and. frqm inlet-manifold pressyre to exhaust back pressurs at

the end of the procees. Scavenging air is considered to bypass the



blowicwn-turbine blading but may pass through the shroud of the turbine and essist in

cooling the turbine, The scavenging air then mixes with the combustion gases that harve
pessed through the blowdown turbine end the mixture of these gases 1s available to pro-
duce work I1n the steady-flow tur'bine. :

¥e

The horﬂepowsr of the blowdown turbine is glven by the equation
[ 1 1
! 7b 7b
r

: ¢, Y -p
bthp = ¥ ~€ _J¢ __718 0.891 X 144(p, - 1 - _Erm__Pm__ 20
b 0_1330003%% (Pr - 2| - %, 9 5 {20)

n-t -1

The value of* ‘Tb was chosen to be 0. 60 8 conservative assumption based on matarial from
reference 12.

: Tamperature of mixture entering Erteaﬂy-—flow turbine. - An energﬁsr balance acrdsa the
eylindex d.uring the scavenglng process resulis in - '

g A

where

E.  internal energy of gases in cylinde:f at atart of mcavenging process, Btu
Eg total enthﬁlpy of entering scavanging air, Btu |

Ey- Internal energy of ;gaaes in eylinder at end-of scavenging prooéas, Btu
H . eﬁtlialpy of sca.ve-nging gpses leaving cylindsr, Btu - |

Becausa

620LT "ON WI VOVN

By = 0,8 Mx Tx
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. o | By = oy,g M5 Tg
where M 1is here the weight of the gases and
g = My Ty
then
By = Bg - -
and thus ' '
B, = E,

An energy 'ba.la.nce of the blowdo‘&m procese from the cylin,d.er yields
the sguation

EI..' = By + ¥ + Hg
where .
Ex‘- internal emergy Iin cylinder ai btime of exhaust release, Btu
Em Internal enersy in cylinder after blowdown Lo inlet-m.aﬁifold.
pressure, Biu
W work oubtput of blowdown turbine, Btu
HS en;ktlilpy of combustlon. gases after leaving blowdown turbine,

The total enthalpy ZE[ of gases eﬁtering the steady-flow turbine
is then '

Hc"’Hg:"Er"Fm"'E.a,”w=He
B, - B, 1is glven by the equation

Ts o Cp,b _
R ET T (Bp - By) 0.491 x 144

and 1f the enthalpies are computed from & temperature base of 660° R,
the Lemperature of the exhaust gases errbering the steady-flow turbine
with blowdown turbine inciuded is
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re Op b bthp 33,000
—2 _ B0
T To - TR7y, (Pr -~ Pw) 0491 x 144 - W 778 + 680  (21)
e,l ¥
_W... C. .8..9_ .
- p,g g

The temperature of the gases enﬁefing the steady-flow turbine with
the blowdown turbine omitted is

e _To  %p,b
T, To - 1 R7yp (Py = Pp) 0.491 x 144
Ty 2 = — + 860 ,  (22)
’ : 80 :
Wy CPJS v

Welght-flow rate of suxiliary-compressor alr required to reduce
temperature of gases entering steady-flow turbine to 1600° F. - The
welght-flow rate of auxillary-compressor air with blowdown turbine
Included 1s given by ths equation

Wy 0y o 1400 - Wy o o (Tg 1 - 660)

660 - op o 1400

The weight~flow rate of euxiliary-compreseor alr if the blowdoﬁn tur-

W

ac .. (23)

®p,a Tac - °p,a

..bine l1s omitted isg

(2¢)

ac - ~ » - L3
cp,a.Tac Gp,a 860 cp,e 1400

Horgepower required to drlve auxillsry compressor. - The horse-
power required to drive the auxiliary compressor is

pe \0-283
189.1 W, T |\ 5] -

achp = -« =
P N 550

(25}

The alr temperature at the outlet of the auxiliary compressor is
given by : - :

. _'p 0.283 - :
Tao = — | { == - 1|+ Ty (28)
e Pg, .

- Horsepowerx ofVsteady-tlow-turﬁine,lf The horsgpowef produced by
the steady~flow turbine 1s




NACA. RM: No. E7D29 a7

e 73'1‘
778 R Pg 76
sfn = W .
T p_ T 550 TH—, P; et Pe B

The gas-mixture temperature T _ ma.y be elther Te 1, if the blow-
.. dowri.turbine 1s preseunt or - 'I'e 2:’ when the blowdowh turbine is :

omitted. - When . tempereture-limited operation is encothered T-

is 2080° R.

@

N.‘et ‘br&ke horsepower. & Thé' niet braké horseépower ‘of the com-
Ry - . b3 .- . e .

.pogite englne is" : - : .

- .
-

- nbhp ’bhp + ns o (efhp - chp - acnp) + ng b (bthp) -- - _.(-28.)
e’ sfhp is -1ess ’shan (cilp + achp) s 'qs o 18 cha.ngs& 1—,0 EI_-__J:_; .
(sfhp - chp - achp) is algebraicallj a&.ged
Net brake spegific fuel congu.mntion The net bra.ke specific g
fuel’ o*onBUmption of the composite engine is -

and the product .Ti

£ .
bsf = e 3600 . 29
RPES = GEnp. S : ( ).
Net bra.ke specifio hersepmmr. - For con'venience ’ -calculatiuns
of the component-engine horsepowers and alr flows were 'based ou a
piston displacement.above the ports .of 1 cubic foot. -

If the ratio of campression rabio based on pigton displacamen'b
above the inlet ports to -the compression ratio basged on ‘fotal plston
displacemsnt is taken to be 0.8, & conservative figure, the ﬁota.l
piston displacanent then becomas

 _ 1728 x 1.25 &~ 0.8
Vg = X L8 =T

and the net brake specifio powsr pér cublc in.oh of piston d.isplace-
ment is

Coa o ash e . r. - 1. -
.. 7 ppehp = BPRPT _TC T . (30
. R ETE% 5o T0E - | _ (30)

At a compression ratio of 6, the piston displacement would be
the seme as that of & 12-cylinder engine with & bors of 6 inches and

a gtroke of 6.2 inches.
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{a) With poppet exhaust valves.

Figure 1. - Scnematic diagram of unifilow two-stroke-cycle
engine.



Fig. Ib NACA RM No. E7D29
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(b)) with sliding-sleeve exhaust valve.

Figure I. - Concluded. Schematic diagram of uniflow two- -
stroke-cycle engine.
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Pigure 2. - Comparative exhaust-flow areas for two- and four-
stroke-cycle englnes from start to full opening.
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Figure.s. ~ Effect of pressure ratilo pe/pm on net brake speciflilc
horsepower of composlte engine for varlous compression ratlios.
Maximum avallable temperature of gas mixture to steady-flow

turbine unlimited.
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Figure 6. - Effect of pressure ratlo pe/py on net brake specifie
horsepower of composite engine for varlious methods of operation.
Compression ratlo, 3.
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Filgure 7. - Effect of pressure ratio pe/pm on net brake specific
fuel consumption of composite engine for varlious compression
ratios. Maximum avallable temperature of gas mixture to steady-
flow turbine unlimited.
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Figure 8. - Effect of pressure ratlo pe/'pm on net brake speclific
fuel consumption of composlite englne for varlous methods of oper-
ation. Compression ratlec, 3.
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Figure l4. - Scavenging efficiency as function of scavenging ratio.
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Flgure 17. - Maximum allowable inlet-manifold pressure as a
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